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Abstract: Vanillin (VA) was extracted from cotton stalk lignin by UV photocatalysis method using Co2+/Ni2+ as a catalyst, 

the yield of which was quantitative analyzed through gas chromatography-mass spectrometer and high performance liq-

uid chromatography. The structure and thermal properties were compared between extracted and standard VA, which 

showed basically consistent. PP/VA materials characterized by fourier transform infrared spectroscopy were prepared by 

melt intercalation and subjected to 20 days thermal oxygen aging. Thermal gravimetric analysis and oxidation induction 

time results showed VA (0.9 wt%) could improve the thermal stability of polypropylene (PP) by 33.4 ℃ and 49.03%. 

Differential scanning calorimetry confirmed that VA increased the crystallinity of PP reaching to 15.70%. After 20 days 

aging, mechanical test showed the impact strength and breaking elongation retention of PV-3 (0.9 wt%) were 10.0% and 

14.8% higher than those of PP; surface scanning electron microscopy showed that PV-3 had the most smooth surface.

Keywords: vanillin, UV photocatalysis, polypropylene, antioxidant capacity, mechanical properties.

Introduction

Polypropylene (PP) is one of the five most widely used gen-

eral plastics in the world, which is white granules, odorless and 

non-toxic.1 While because of the special tertiary carbon struc-

ture, the tertiary hydrogen reaction activity of PP is very reac-

tive, so that PP is easy to be degraded by thermal oxygen and 

light in processing, storage and using.2 Antioxidants are often 

added to avoid this phenomenon during the processing of PP.3

At present, the most commonly used antioxidants are mainly 

blocked phenols.4 However, in recent years more and more 

safety problems such as easy migration and toxicity of anti-

oxidants have appeared in food packaging materials. It is of 

great significance to find a kind of healthy and safe natural 

antioxidants with good antioxidant capacity for PP.5 Nanni et 

al.6,7 studied the effects of natural extracts from grape skins, 

seeds and stems produced in the process of wine production on 

the thermal stability of PP through UV and thermal aging, and 

compared them with common industrial antioxidants. The 

results showed natural extracts from grape seeds, which was 

able to protect PP against UV aging, presented the best anti-

oxidant effect, and the oxidation induction time (OIT) value of 

which had been the highest among all the investigated sam-

ples. This had been due by the ability of working both as rad-

ical scavenging and UV absorber. 

Cotton stalk lignin (LG) is a kind of complex polyphenolic 

natural amorphous polymer compound, which is composed of 

phenylpropane structural unit connected by ether bond and C-

C single bond and has an amorphous three-dimensional net-

work molecular structure.8 Because of many phenolic hydroxyl 

groups and alcohol hydroxyl groups, LG structure produces 

strong hydrogen bond and intermolecular force, which has 

thermoplasticity and high glass transition temperature.9 In the 

molecular structure of LG, there are phenolic hydroxyl groups 

†To whom correspondence should be addressed. 
mjan10@xju.edu.cn, 0000-0001-5260-3194

©2021 The Polymer Society of Korea. All rights reserved.
717

https://orcid.org/0000-0001-5260-3194
https://orcid.org/0000-0001-5260-3194
https://orcid.org/0000-0001-5260-3194
https://orcid.org/0000-0001-5260-3194


718 M. He et al.

 

    

   

  
and other active groups, so it can produce downstream aro-

matic products such as syringyl, guaiacyl, p-hydroxyphenyl 

and vanillin through redox, alcoholysis, photolysis, sulfona-

tion, alkylation or graft copolymerization reaction. These 

active groups and reaction performance of LG are the import-

ant way to expand its application. He et al.10 prepared PP/LG 

composite materials and carried out artificial accelerated aging 

test on it to explore the influence of LG as the antioxidant on 

PP. The results showed LG could effectively prevent the sur-

face cracks and furrows of PP after aging, and the mechanical 

properties of PP were well preserved. China is a big producer 

of cotton and Xinjiang's cotton output accounts for about 70% 

of the national cotton output. However, the comprehensive uti-

lization rate of cotton stalk in China is low, and a large amount 

of cotton stalk is burned, which pollutes the environment and 

wastes resources.11 If the cotton stalk rich in LG could be fully 

utilized, its economic and social benefits are very great. With 

the speeding up of industrialization and resources crisis, LG as 

a kind of green biomass resources would get to be studied in 

depth.

Vanillin (VA, 4-hydroxy-3-methoxy-benzaldehyde) is one of 

the most important degradation product of LG and widely used 

spices nowadays, which is cheap and easy to obtain. Because 

of the phenolic hydroxyl group, aldehyde group and other 

chemical functional groups, VA has good thermal stability, oxi-

dation resistance and reactivity, which it is not easy to decom-

pose after heating sublimation.12 The demand for VA is 

increasing rapidly due to its wide application prospects in anti-

oxidant, anticancer, and anti-mutagenic activities. Nowadays, 

the main source of VA is the conversion of natural biomass 

resources, such as eugenol, guaiacol and ferulic acid, into VA 

by chemical conversion and synthesis,13 besides, there are a 

few reports on the extraction of VA by UV photocatalysis 

method from LG. Kansal et al.14 used TiO2 and ZnO as two 

kinds of catalysts to degrade LG, and found that ZnO had bet-

ter photocatalytic effect. The combination of catalyst and oxi-

dant could promote the degradation of LG and the experimental 

results showed the laden ZnO could also effectively catalyze 

the degradation of LG in pulp and paper waster. Erdocia et al.15

used 320 W UV lamp and nano TiO2 as a catalyst to pho-

todegrade LG in the presence of NaOH, to explore the effects 

of reaction time on the molecular weight of LG and the dis-

tribution of degradation products. The results found the deg-

radation products were mainly VA, syringaldehyde, catechol, 

and p-hydroxyphenylbutanone. However, the selectivity of the 

above studies was not good, the yield of VA did not exceed 

50%.

In this work, VA was extracted from LG by UV photo-

catalysis method using Co2+/Ni2+ as a catalyst with the yield of 

84.01%. The antioxidant capacity and mechanical properties of 

PP/VA materials subjected to 20 days thermal oxygen aging 

were researched. This study provided a simple, environmen-

tally friendly and high selectivity extraction method of VA 

with excellent yield; at the same time, it showed a new choice 

of natural and harmless antioxidant for improving the anti-

oxidant capacity of PP. Moreover, it was of great significance 

to the recycling of bio-based resources and the sustainable 

development of natural environment.

Experimental

Materials. PP (D(Y)-W0723F: homo polymer blowing film     

grade, Mw=100000 g/mol, Mn=80000 g/mol, MFR=3.8 g/10 

min) was purchased from Sinopec Dushanzi Co., Ltd., China. 

Cotton stalk was collected from Kashi Prefecture, China. Tol-

uene (C7H8, AR), ethanol (C2H6O, AR), and ethyl acetate 

(C4H8O2, AR) were purchased from Fuchen Chemical Reagent 

Factory, China. Ionic liquids ([Bmim]Cl, 99%) was purchased 

from Keneng Material Technology Co., Ltd., China. Cobalt(II) 

acetate tetrahydrate (C4H6CoO4·4H2O, 99.5%), Nickel(II) ace-

tate tetrahydrate (NiC4H6O4·4H2O, 99.5%), and VA standard 

sample (commercially available, 99%) were purchased from 

Aladdin industrial corporation, China.

Extraction of LG. The extraction of LG from cotton stalk     

was according to previous literature,16 and the experimental 

details were shown in Supporting Information.

Extraction of VA. 1 g sodium lignosulfonate (SL), which     

was obtained by sulfonation of LG, was added into 45 mL dis-

tilled water with a certain amount of CO2+/Ni2+ catalyst, and 

was added to the photochemical reaction apparatus as shown 

in Figure S1 after ultrasonic dispersion for 20 min. After 

repeated extraction and purification of reaction solution, the 

extraction VA was obtained. The standard curve of concen-

tration and peak area of VA was drawn by high performance 

liquid chromatography (HPLC), the peak area and the con-

centration of components after reaction was calculated to mea-

sure the extraction yield.

Preparation of PP/VA Materials. PP and extracted VA     

were vacuum dried at 50 ℃ for 24 h to remove residual mois-

ture. PP and a certain amount of VA were mechanically mixed 

and manually added into the twin-screw extruder (TE-20, L/

D=30, 1 cm diameter of the screw, Nanjing Rubber & Plastic 
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Co., Ltd., China) to obtain the blending granules of PP/VA 

materials by melt intercalation in the way of counter rotating 

and intermeshing. Temperature of melting extrusion and gran-

ulation from feeding area (three kneading zones) to die head 

was set at 170, 190, 200, and 190 ℃ respectively, and the feed 

speed and screw speed of extruder were both set at 30 rpm/

min. Then, the granules of PP/VA materials after vacuum dry-

ing were fused and extruded, granulated and injected by plastic 

injection molding machine (XL-400 VI, L/D=15, Ningbo 

Gaoxin Co., Ltd., China) to obtain the standard splines of PP/

VA materials for tensile and impact test under 8×106 Pa at 190 

℃ and screw speed of 30 rpm/min. In PP/VA materials, the 

addition of VA was 0, 0.3, 0.6, and 0.9 wt% respectively, and 

was finally named PV-0, PV-1, PV-2, and PV-3 respectively.

Artificial Accelerated Aging Test. According to ASTM D       

2565, the PP/VA materials was put into an electric heating 

blast drying oven (DHG-9245A, Yiheng Co., Ltd., China) for 

20 days thermal and oxygen aging test. The temperature was 

set at 120 ℃. Materials were tested on 5, 10, 15, and 20 days 

respectively.

Characterization. The degradation products in reacted     

solution by UV photocatalysis method were qualitatively ana-

lyzed by gas chromatography-mass spectrometer (GC-MS, 

7890B-5977B, Beinalde Technology Co., Ltd., China). GC-

MS was equipped with HP-5 non-polar capillary column (30 

m×0.32 mm×0.25 m), nitrogen as carrier gas, 1 L sample 

injection, the initial temperature was 60 ℃, the temperature 

was raised to 340 ℃ at 10 ℃/min, and solvent delay was 3 

min. The ionization energy was 70 eV, the temperature of the 

ion source generator was 230 ℃, and the mass scanning range 

was 40-1000 amu.

The quantitative analysis of VA was determined by high per-

formance liquid chromatography (HPLC, LC-20A, Shimadzu 

Corporation, Japan). The standard curve of concentration and 

peak area of main products could be drawn by HPLC to detect 

the peak area after reaction and calculate the concentration of 

the component to be measured in the solution after reaction. 

For HPLC, Shimazu HP-5 column (30 m×0.32 mm×0.25 m) 

was used. The mobile phase was ethyl acetate, the column 

temperature was maintained at 300 ℃, the detection time was 

20 min, the injection volume was 2 L, the total flow rate was 

1.000 mL/min and the detection wavelength was 254 nm.

Nuclear magnetic resonance (NMR) was used to charac-

terize the structure of standard and extracted VA samples by 

nuclear magnetic resonance spectrometer (DRX-400, Bruker, 

Germany). The resonant frequency of 1H was 400.13 MHz, 

and that of 13C was 100.61 MHz.

Fourier transform infrared spectroscopic (FTIR) of the mate-

rials were recorded on a (Thermo Scientific Nicolet iS5, USA) 

spectrometer by using standard KBr pellet/disk technique. 

Spectra were recorded over a spectral range of 4000 to 400 

cm-1. All the samples were dried at 50 ℃ for 24 h before anal-

ysis.

X-ray powder diffraction analysis (XRD) was performed on 

a Bruker D8 Advance powder diffractometer (Karlsruhe, Ger-

many) to study the crystal morphology of VA. A Cu-K radi-

ation and A P-Ni filter (U=40 kV, A=40 mA) were used for 

recording in the 2θ range of 10 to 60° at a scanning rate of 6°/

min.

Thermogravimetric analysis (TGA) was conducted on HCT-

1 thermogravimetric analyzer (Hengjiu Experimental Equip-

ment Co., Ltd., Beijing, China). Each sample (about 10 mg) 

was heated at a heating rate of 10 ℃/min in the temperature 

range of room temperature to 600 ℃ under nitrogen atmo-

sphere (25 mL/min).

OIT was conducted on a DSC Q-2000 differential scanning 

calorimeter (TA Instruments, USA). Each sample (about 10 

mg) was exposed to nitrogen atmosphere (50 mL/min) and 

heated to 200 ℃. After maintaining for several minutes at con-

stant 200 ℃, the nitrogen flow was immediately changed to 

oxygen flow (50 mL/min), and the sample was kept at a con-

stant temperature until it was completely oxidized.

Flame retardancy analysis was conducted on FTT0077 

microcalorimeter (UK) according to the ISO-5660-1. Each 

sample (about 10 mg) was tested in a mixed atmosphere (nitro-

gen 80%, oxygen 20%) under the heating rate of 1 ℃/s from 

100 to 600 ℃. The samples were dried at 50 ℃ for 24 h before 

testing.

Differential scanning calorimetric (DSC) analysis of each 

sample of PP/VA materials (about 10 mg) were conducted on 

a DSC Q-2000 differential scanning calorimeter (TA Instru-

ments, USA). The test was conducted under nitrogen atmo-

sphere (50 mL/min). The samples were heated from room 

temperature to 200 ℃ at a heating rate of 10 ℃/min and held 

for 5 min to clear off the thermal history. Then, the samples 

were cooled to 20 ℃ at a rate of 20 ℃/min, and the DSC 

curves of the process were generated. Finally, the enthalpy, 

peak and low values of the DSC curves were calculated by TA 

universal software.

Mechanical tensile properties were measured according to 

ASTM D 412-80 by using a CMT6104 electronic universal 

testing machine (New Sansi Co., Ltd., Shenzhen, China) with 
 Polym. Korea, Vol. 45, No. 5, 2021
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a crosshead speed of 100 mm/min. Each sample was measured 

5 times to take the average value.

Izod impact testing without notch was carried out at room 

temperature by using a XJJD-50 electronic impact testing 

machine (Jinjian Instrument Co., Ltd., Chengde, China) 

according to ASTM D 256. Each sample was measured 5 

times to take the average value. The measuring range was 7.5 

J, the length of the spline was 80 mm, the width was 10 mm 

and the thickness was 4 mm.

Scanning electron microscopy (SEM) (SU8010, Hitachi, 

Japan) at 20 kV of accelerating voltage was applied to observe 

the surface morphology of PP/VA materials. The samples were 

sputter-coated with gold to limit charging during the tests 

before test.

The blown film tensile properties of PP/VA materials were 

conducted by a Instron-5967 tensile testing machine (USA) 

according to ASTM D 256. The machine was equipped with 

the tension sensor of 0.5 level accuracy and the static extenom-

eter (2603-085, USA) of 1.0 level accuracy. At least five mea-

surements for each sample were recorded. The width of the 

blown film sample was 10 mm, the length was 10 cm, and the 

uniaxial tensile rate was 100 mm/min.

Results and Discussion

Extraction and Characterization of VA. In this work, the        

orthogonal experimental design method was used to select the 

optimum extraction process of VA, which could be found in 

Supporting Information. Therefore, (A) the reaction tempera-

ture, (B) the UV lamp wattage, (C) the reaction time, and (D) 

the catalyst mass ratio were selected as effect factors for the 

orthogonal experimental, as shown in Table S1. Range analysis 

was performed using the yield of VA as the objective function. 

The analytic results were exhibited in Table S2, in which the 

impact factor of each level was calculated to be 2.39, 2.95, 

2.41, and 1.86, respectively. According to the results, it was 

clear that factor B had the greatest influence on the yield of 

VA. As for other factors, which also had influence on the yield 

of VA, were ranked as followed: the reaction time, the reaction 

temperature, and the catalyst mass ratio. The results of the 

orthogonal analysis showed the optimum reaction conditions 

were to be the reaction temperature of 55 ℃, the UV lamp 

wattage of 1000 W, the reaction time of 4 h, and the catalyst 

mass ratio of 15 wt%. Under the condition, the VA extraction 

yield was 89.01%.

In order to conduct qualitative and quantitative analysis of 

the degradation products of LG by UV photocatalysis method, 

the reaction process under the optimal technological conditions 

obtained from the above orthogonal test was analyzed by GC-

MS and HPLC.17 The obtained results were shown in Table 1 

and Figure 1. It could be seen that the main products of LG 

degradation by UV photocatalysis method were VA, dibutyl 

phthalate and diamyl phthalate under the optimal technological 

conditions, and the products were relatively concent-        rated, 

which indicated that the reaction had good selectivity to phe-

nolic and aromatic aldehydes. The main mechanism of the 

reaction was that first the CO3+ oxide produced by CO2+/Ni2+

catalyst in the oxidizing environment would decay, while the 

Ni3+ oxide had good catalytic activity and long-term stability, 

and the CO-Ni oxide synergistic effect of the two would show 

good chemical stability and catalytic activity in the alkaline 

medium.18 Then, CO2+/Ni2+ catalysts seized the hydroxyl 

hydrogen atom of α carbon atom on LG molecule to form the 

carbonyl compound, which then activated β-O-4 bond, result-

ing in the cracking of C-O in LG molecule and the formation 

of VA and other aromatic aldehydes and aromatic esters.19

What’s more, the C-C bond of the branch chain of the basic 

unit of LG molecule was also catalytically broken. When α 

carbon atom lost electron and was oxidized, the enyl group in 

the molecule could resonate with the generated C+ ion, thus 

stabilizing the C+ ion, which was conducive to the rupture of 

the C-C bond, and finally being oxidized to VA.20

Table 1. The GC-MS of Main Products After UV Photocatalysis

Degradation Under the Optimal Technological Conditions

No.
Retention 
time/min

Compound 
name

Structural 
formula

1 2.938
Ethyl acetate 

(solvent)
CH3COOC2H5

2 4.886 Vanillin (VA)

3 12.413
Dibutyl 

phthalate

4 17.857
Diamyl 

phthalate
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The structure and thermal properties between extracted VA 

and standard VA were characterized by NMR, FTIR, XRD, 

and TGA, which was showed Figure S2, S3 and Table S3 in 

Supporting Information. The results showed that the extracted 

VA were basically the same as the standard sample, and there 

was no significant difference.21-24 

FTIR and Thermal Properties of PP/ VA Materials. The        

FTIR spectra of PP/VA materials was shown in Figure 2. It 

could be seen that the main change in the spectra of PV-0 

material with VA antioxidant was the characteristic peak of 

hydroxyl group (-OH) at 3353 cm-1 and the stretching vibration 

of C=C bond of benzene ring in VA molecule at 1643 cm-1.22

The hydroxyl group (-OH) had high reactivity and was gen-

erally considered as the main group to improve the antioxidant 

capacity of polymers. The hydroxyl group (-OH) provided by 

VA could give PP/VA materials certain ability of capturing and 

scavenging free radicals, which could reduce the aging effect 

of hot oxygen, thus extending the service life.

The thermal properties of PP/VA materials were shown in 

Figure 1. The HPLC spectrum of UV photocatalysis degradation of 

LG under the optimal technological conditions.
Figure 2. FTIR spectra of PP/VA materials.

Figure 3. The thermal properties of PP/VA materials: (a) TG; (b) DTG; (c) OIT; (d) HRR.
 Polym. Korea, Vol. 45, No. 5, 2021
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Figure 3. As shown in Figure 3(a) and 3(b), the initial tem-

perature of main thermal decomposition stage (Tonset) and the 

maximum thermal decomposition rate temperature (Tmax) of 

PP/VA materials were measured by TGA. The Tonset of PP/VA 

material was slightly higher than that of pure PP (PV-0), and 

the increase of Tonset was not obvious when the VA addition 

amount was low. This would be due to the fact that VA had 

been partially decomposed by thermal oxygen aging in the 

processing and molding process, and the enhancement of 

structure activity in PP molecule was not obvious. However, 

the Tonset and Tmax of PV-3 were increased by 33.4 ℃ and 25.4 

℃, respectively, compared with PP (PV-0). This was because 

the molecular coupling and cooperation in the PP/VA materials 

were enhanced,25 forming a complex and interactive spatial 

network structure.26 The free movement of PP molecular chain 

segments was restricted, leading to the increase of temperature 

and energy required for thermal decomposition,27 which could 

effectively protect the weight loss of PP molecular chain deg-

radation in the high temperature and oxygen-rich environment 

and delay the aging failure of PP to a certain extent, enhancing 

the antioxidant capacity of PP. 

OIT refers to the time when materials begin to oxidize in 

high-temperature oxygen-rich environment, which is an index 

to characterize the antioxidant capacity of materials.28 Figure 

3(c) exhibited the OIT of PP/VA materials. The OIT of PV-1, 

PV-2, and PV-3 increased by 10.53, 31.58 and 49.03%, respec-

tively, compared with that of pure PP (PV-0). This was because 

VA as an antioxidant could reduce the side effects of oxygen, 

by capturing and neutralizing free radicals for reduction reac-

tion to reduce the oxygen content, combined with the peroxide 

produced by the polymer oxidation reaction, interrupt the chain 

reaction, and then enhanced the antioxidant capacity of PP.29

Microcalorimetry is a testing that quantitatively character-

izes the combustion behaviors of polymer materials, in which 

heat release rate (HRR) is the relatively important parameter.30

The HRR curves of PP/VA materials were shown in Figure 

3(d). It could be seen that the HRR value of PV-0, PV-1, PV-

2 and PV-3 was 603.5, 590.9, 584.3, and 569.1 W/g, respec-

tively. What’s more, the little amount addition of VA (0.9 wt%) 

increased the temperature at maximum heat release from 358.5 

to 377.1 ℃. This indicated that the introduction of VA 

improved the heat-resistant quality of PP/VA materials to a 

certain extent compared with that of pure PP. This result was 

consistent with the TGA and OIT.

Figure 4. DSC curves of PP/VA before and after 20 days aging: (a) melting curves before aging; (b) crystalline curves before aging; (c) melt-

ing curves after aging; (d) crystalline curves after aging.
폴리머, 제45권 제5호, 2021년
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DSC Analysis of PP/VA Materials Before and After       

Aging. Differential scanning calorimetry (DSC) is a tech-       

nology to measure the change of heat flow difference between 

sample and reference sample with temperature (time) at pro-

grammed temperature.31 The melting curves and crystalline 

curves of PP/VA materials before and after 20 days aging were 

shown in Figure 4, in which Tm was the measured melting tem-

perature and Tc was the cold crystallization temperature. As 

shown in Figure 4, the addition of different doses of VA had 

little effect on the change of Tm and Tc of PP (PV-0), and the 

peak location was roughly between 145-150 ℃ and 100-

110 ℃, respectively. This further proved that VA, as a natural 

antioxidant, had the potential to participate in the molding pro-

cess of PP and would not affect the original basic properties of 

PP.

The crystallization degree (Xc) was determined from DSC 

analysis data employing eq. (1). Moreover, ΔHm, ΔHc, and f

were the melting enthalpy, coldcrystallization enthalpy, and 

weight fraction of PP, respectively. The degree of crystallinity 

(Xc) of polymer could be calculated by using the equation 

given below:

Xc = [(ΔHm)/( f × ΔH Θm)] × 100% (1)

ΔHΘ
m was the melting enthalpy expected for a polymer with 

100% crystallinity. The heat of fusion (ΔHΘ
m) of pure PP was 

207 J/g.32 After calculation, the Xc of PV-0, PV-1, PV-2, and 

PV-3 before aging were 9.84, 14.97, 14.96, and 15.70%, 

respectively. This was because the addition of a small amount 

of VA played a role in heterogeneous nucleation of PP, which 

slightly improved the crystallinity of PP. After 20 days aging, 

the Xc of PV-0, PV-1, PV-2, and PV-3 were 5.47, 10.76, 10.57, 

and 11.34%, respectively, which decreased by 4.37, 4.21, 4.39, 

and 4.36% compared with those before aging, respectively. 

This was due to the entanglement and degradation of the 

molecular chains inside the material in the aging process, 

which resulted in the decrease of the crystallinity. The above 

analysis showed that VA had little effect on the molding tem-

perature Tm and Tc of PP, and as a nucleating agent, it could 

slightly improve the crystallization properties of PP.33 The 

crystallization performance improved and the crystallinity of 

PV-3 after aging was the highest.

Mechanical Properties of PP/VA Materials Before and     

After Aging. Table 2 and Figure 5 showed the changes of     

mechanical properties of PP/VA materials at different times of 

thermal oxygen aging. As shown in Table 2, the tensile strength

and elongation at break of PV-1, PV-2, and PV-3 before aging 

were increased by 9.1, 6.1, 5.6% and 14.4, 13.5, 15.0%, 

respectively, compared with PV-0. This was because the addi-

tion of a small amount of VA played the role of nucleating 

agent, which helped PP spherulites grow faster and denser 

through heterogeneous nucleation. Furthermore, the internal 

arrangement of PP molecules became regular and the degree of 

molecular orientation was improved, and the interaction force 

between molecules increased,34 thus enhancing the tensile 

strength and elongation at break of PP/VA materials, which 

was consistent with the results of DSC analysis. With the 

increase of aging time, the molecular chain of materials had 

different degrees of unwinding and degradation, leading to the 

decline of tensile strength and elongation at break.

As shown in Figure 5, the impact strength retention and 

elongation at break retention were calculated compared with 

unaged samples, which were obtained by dividing the data 

obtained from the aged samples and the data obtained from the 

unaged samples. The retention of impact strength and elon-

gation at break of PP/VA materials were both higher than that 

of PV-0 after aging, which proved that VA, as an antioxidant, 

Table 2. Mechanical Properties of PP/VA Materials Before and After Aging

Mechanical properties
Aging Time (day)

0 5 10 15 20

PV-0
Tensile Strength (MPa) 32.61 33.56 31.89 31.52 30.15

Elongation at break (%) 561.5 512.9 470.8 440.4 407.2

PV-1
Tensile Strength (MPa) 35.57 32.75 32.73  32.58 32.57

Elongation at break (%) 642.6 588.1 558.9 538.1 524.0

PV-2
Tensile Strength (MPa) 34.72 32.66 32.42 32.61 32.99

Elongation at break (%) 637.3 601.9 583.3 568.9 556.1

PV-3
Tensile Strength (MPa) 34.42 33.25 33.03 32.37 32.65

Elongation at break (%) 645.8 593.1 583.8 562.8 540.5
 Polym. Korea, Vol. 45, No. 5, 2021
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could delay the thermal oxygen aging of PP and had good anti-

oxidant effect. Among them, after 20 days thermal oxygen 

aging, the retention rate of impact strength and elongation at 

break of PV-3 were the highest, and the oxidation resistance 

was the best, which was consistent with the results of thermal 

performance analysis of PP/VA materials.

SEM of PP/VA Materials Before and After Aging. Figure        

6 showed the SEM images of PP/VA materials before and after 

20 days aging. As shown in Figure 6, the surface of PV-0 

before aging was smooth without wrinkles. However, the sur-

face appeared crisscross cracks and collapse after 20 days 

aging, which was the macroscopic expression of oxidative 

degradation of polymer. The mechanical properties of PV-0 

with cracks decreased, and the elongation at break descended. 

While, the surface crack formation of PP with VA as anti-

oxidant could be effectively reduced. After 20 days aging, the 

surface of PV-1 and PV-2 did not have obvious cracks, but 

uneven and ravines appeared to varying degrees. PV-3 only 

had epidermal cracking, and its surface became rough under 

the influence of temperature and oxygen factors. PV-3 also 

maintained a certain toughness after 20 days aging, so that the 

mechanical properties could be maintained in the hot oxygen 

environment for a longer time, which was consistent with the 

results of mechanical properties.

Blown Film Tensile Properties of PP/VA Materials. PV-     

Figure 6. SEM images of PP/VA before and after 20 days aging.

Figure 7. Tensile stress-strain curves of PV-0 and PV-3 blown film.

Figure 5. Mechanical properties of PP/VA materials after different aging time: (a) impact strength retention; (b) elongation at break retention.
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0 and PV-3, which was of the best oxidation resistance after 20 

days aging, were blown into film by blow molding. Figure 7 

showed the tensile stress-strain curves of PV-0 and PV-3 blown 

film. It could be seen that the fracture mode of PV-0 and PV-

3 membrane materials was typical ductile fracture, in which 

the yield strength, breaking strength and elongation at break of 

PV-0 were 13.98, 22.83 MPa and 652.06%, respectively. 

While the yield strength, breaking strength and elongation at 

break of PV-3 were 19.73, 36.62 MPa and 703.87%, respec-

tively, which were all higher than that of PV-0. This was 

because the introduction of VA formed a large number of 

spherulites with finer diameter in the PP matrix, leading to a 

more perfect crystallinity of PP, increased molecular inter-

molecular force and improved molecular toughness and 

strength,35 which was manifested as the fortify of tensile prop-

erties of PV-3 blown film. The above analysis was consistent 

with DSC and mechanical properties analysis.

Conclusions

In the work, VA was extracted from cotton stalk LG by UV 

photocatalysis method using Co2+/Ni2+ as a catalyst, the yield 

of which was quantitative analyzed through GC-MS and 

HPLC. The orthogonal analysis results showed the optimum 

reaction conditions with the yield of 84.01% to be as followed: 

the reaction temperature of 55 ℃, the UV lamp wattage of 

1000 W, the reaction time of 4 hours, and the catalyst mass 

ratio of 15 wt%. The structure and thermal properties of 

extracted and standard VA were studied by NMR, FTIR, XRD 

and TGA, which showed basically consistence. This demon-

strated this method of UV photocatalysis using Co2+/Ni2+ as a 

catalyst had high selectivity and yield. The antioxidant capac-

ity and mechanical properties of PP/VA materials were inves-

tigated. The results showed that the crystallinity of PP was 

improved due to the introduction of VA, thus enhancing the 

antioxidant capacity and mechanical properties of PP. After 20 

days thermal oxygen aging, PV-3 (0.9 wt%) had the best per-

formance in crystallinity, the mechanical properties retention 

and surface morphology, which still represented well in tensile 

properties after blowing molding into film, thus broadening the 

application range of PP membrane materials. This study pro-

vided a simple, environmentally friendly and high selectivity 

extraction method of VA with excellent yield; it also showed 

a new choice of natural and harmless antioxidant for improv-

ing the antioxidant capacity of PP. Moreover, it was of great 

significance to the recycling of bio-based resources and the 

sustainable development of natural environment.
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